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This paper describes the discovery potential for new resonances with the ATLAS experiment. The resonances 
discussed in here are the Z' , leptoquarks, graviton and W resonances in some of their leptonic final states, 
considering a center-of-mass energy of yfs = 14 TeV for all of them, and an estimation of the potential of the 
W search at the early center-of-mass energy of the LHC . The studied scenarios show that an initial run of few 
tens of pb — 1 would be enough to go beyond the current limits in most of these models. 



1. Introduction 

Final states containing two leptons, or one lepton 
and missing transverse energy offer a great potential 
for early discoveries at the LHC. They can be gener- 
ated by several kinds of resonances. All the results 
presented here are done with Monte Carlo samples 
simulated using a complete description of the ATLAS 
detector, and are based on [![. 

ATLAS detector subsystems relevant for these 
searches are the tracking system (inner detector), the 
electromagnetic calorimeter, the hadronic calorime- 
ter, and the muon spectrometer. The physical objects 
used in this analysis are built as follows: Muons are 
reconstructed independently in the inner detector and 
the muon spectrometer, and are combined using sta- 
tistical combination; electrons are reconstructed from 
clusters of calorimeter cells with a matched track in 
the inner detector; and the missing transverse energy, 
I/jt , is calculated from the energy collected in the 
calorimeter cells. 



2. Lepton and Missing Transverse 
Energy Final States 

2.1. W 



Figure 1: Feynman diagram for W' production. 

New heavy gauge bosons, like W, are predicted in 
various extensions of the Standard Model (SM). The 
production cross section depends on the W mass, and 
in some models is large enough for mw' < y/s /2 that a 
W' boson becomes a candidate for early discoveries at 



the LHC The D0 experiment has set the present 
lower limit for the W boson mass to mw' > 1 TeV 
at 95% C.L. 0. Studies presented here are based 
on Altarelli Reference Model Q, also known as Se- 
quential Standard Model (SSM): in this model, the 
new heavy gauge boson W couples to fermions in the 
same way as the W boson in the SM. 

The leptonic final state of a W, Fig. [TJ is given by 
a lepton and a neutrino. The momentum information 
of the neutrino can be inferred only partially from 
the energy imbalance in the detector, which gives the 
missing transverse energy, PpT, of the event. In this 
section the analyses for muon and electron channels 
are discussed. 

2.1 .1 . Event Selection 
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Figure 2: Transverse mass spectrum of the W' —> ev sig- 
nals and SM backgrounds normalized to the cross section 
after selecrion for 1 pb _1 of integrated luminosity. 

The decay W — > Iv provides a clean signature 
in the transverse mass spectrum. The largest back- 
grounds are the high— px tail of the W — > Iv decays 
and tt production. In addition the background coming 
from fake leptons, multi-jet production, is also consid- 
ered. 

The following basic cuts were applied: just one 
isolated electron or muon with px > 50 GeV and 
1 77 1 < 2.5; and If T > 50 GeV. In order to separate 
the signal from the reducible background additional 
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cuts are applied: the scalar sum of the pr of tracks 
in a cone of dR — 0.3 around the lepton divided 
by lepton pt must be less than 0.05 , and the ratio 

p l ^ ptons i pieptons _|_ J2Et), that gives the frac- 
tion of energy attributed to the leptons (including 
neutrinos, which are assumed to be the main contri- 
bution to If), more than 0.5. These two last cuts are 
required in order to reject events with lots of addi- 
tional activity from jets (like tt and di-jets). 

Reconstructing the transverse mass of the event as: 

m T = \jlp l T Vtm tfT(\ - cosAcj) lepton ^ T ), (1) 

Fig. [5] shows the transverse mass spectrum after all 
cuts for the signal, W — > ev with m = 1, 2 TeV, and 
for the background. 

2.1.2. Discovery Potential 



3. Di-lepton Final States 

New heavy states forming narrow resonances decay- 
ing into di-leptons are predicted in many extensions 
of the SM. In this section, the analysis for three such 
resonances are described. Due to the simplicity of the 
final state, these channels will be very important for 
the early physics results of ATLAS. 

3.1. Z' 
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In order to estimate the ATLAS discovery potential 
in the search for a W — > t +Bt signal, the luminosity 
needed for a 5cr excess is obtained as a function of the 
mass of the W boson. The significance is obtained 
from the expected number of signal and background 
events in the region mr > 0.7myy'- Calling these ex- 
pected numbers s and b, respectively, the significance 
S is obtained as 



S = ^2{{s + b)ln{l + s/b)~ s), (2) 



Figure 4: Feynman diagram for the Z' production. 

Several models predict the existence of additional 
neutral gauge bosons. Since the experimental con- 
sequences are very similar in the di-lepton final state, 
just a few representative models are studied: the SSM, 
the Eq and the Left-Right Symmetric models |6]. In 
TableUthe 95% C.L. exclusions are shown for different 
Z' . The leptonic final state of a Z' , as seen in Fig. HJ 
is given by two opposite charge high px leptons. 



which gives a good approximation to the likelihood- 
ratio based significance in the low statistics regime. 
Fig. [3] shows the expected integrated luminosity 
needed for a 5cr excess as a function of the mass of 
the W boson. This study shows that, even with a to- 
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Figure 3: Integrated luminosity needed for a 5cr excess for 
W' — > ev,iw . 

tal integrated luminosity as low as 10 pb _1 , it would 
be possible to go beyond the limits set by previous 
searches of this type of boson. 



Table I Status of 95% C.L. limits on various Z 1 models 



Z 1 Model 


Indirect 




Direct 




Searches (GeV) 


Searches (GeV) 
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pp Colliders 


Z' x 


680 


781 


892 




137 


481 


878 


z' n 


619 


515 


904 
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860 


804 
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1500 
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1030 



3.1 .1 . Event Selection 

Section [A] presents muon and electron cases first, 
due to the similarity in their selection criteria, then, 
[Bl describes the r channel, which requires more dis- 
cussion. 

A. Z' — > ee, p,p, 

The decay Z' — > ee, provides a clean signature 
in the mass spectrum. The largest background is the 
irreducible Drell-Yan process. The contribution of the 



Proceedings of the DPF-2009 Conference, Detroit, MI, July 27-31, 2009 



3 



other studied backgrounds is less than 30% of the 
Drell-Yan cross-section. The study presented there- 
fore considers only the Drell-Yan background. 

The following cuts were applied: \rj\ < 2.5, two elec- 
trons(muons) in the event, at least one electron(muon) 
with px > 65 GeV (pr > 30 GeV) and opposite 
charge. Fig. [5] shows the mass spectrum after all cuts 
for a Z' with m = 1 TeV, and the parameterization 
for the Drell-Yan process. 




500 600 700 800 900 1000 U00 1200 1300 1400 1500 

M (GeV) 

Figure 5: Mass spectrum for a m = 1 TeV Z' x — > e + e~ 
obtained with ATLAS full simulation (histogram) and the 
parameterization (solid line). The dashed line corresponds 
to the parameterizations of the Drell-Yan process. 



B. Z' -> TT 

The di-tau signature is an important component to 
the high mass resonance search. In particular, there 
are models in which a hypothetical new resonance cou- 
ples preferentially to the third generation. The di- 
tau final state can be divided into three final states: 
hadron-hadron (where both taus decay hadronically) , 
hadron-lepton (where one r decays leptonically and 
one decays hadronically), and lepton-lepton (where 
both taus decay leptonically) . Here the hadron-lepton 
final state is considered. 

For this channel, the background is large and in- 
cludes Drell-Yan, W+jets, tt and multi-jet produc- 
tion. 

The basic cuts for this channel are: r candidate 
with px > 60 GeV, an electron(muon) with px > 
27 GeV (p T > 22 GeV), and# T > 30 . After these 
initial cuts, several additional requirements are needed 
in order to maximize the expected signal significance: 
the scalar sum of the pr of tracks in a cone of 0.2 
around the lepton divided by lepton px must be less 
than 0.1, the leptons must have opposite charge, the 
transverse mass using the lepton kinematics and the 
IfiT less than 35 GeV, the total pt less than 70 GeV, 
and the m V i S must be greater than 300 GeV. 
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Figure 6: The visible mass distribution in the Z' — > tt — > 
th analysis for signal and background processes(l fb^ 1 of 
data is assumed). 

In the case of the lepton-hadron channel it is not 
possible to get directly the invariant mass since there 
is lost energy due to the neutrinos. Thus it is helpful 
to define the visible mass: 

m vis = y/{pe+Ph +P't) 2 ( 3 ) 

Where fi T is the four-vector for the missing trans- 
verse energy, defined as f) T — (ffx x $t v ,0,$t\)- In 
Fig- HI the visible mass spectrum for signal and back- 
ground is shown, for a Z' SSM with mz> = 600 GeV. 

3.1.2. Discovery Potential 

In this section the different expectations for the dis- 
covery potential of a Z' in the leptonic channel are 
presented. 

A. Z' — > ee, [ifj, 

To calculate the significance in the case of the 
Z' — > ee, a parameterization of the mass spectrum 
of the signal and background was used. Fig. [7] shows 
the integrated luminosity needed for a ha discovery 
of the usual benchmark Z' models as a function of 
the Z 1 mass for di-electron channel. Only statistical 
uncertainties were taken into account. 

From the plot we can see that less than 100 pb _1 
are needed to discover a 1 TeV Z' , and lfb^ 1 for a 
2 TeV Z'. 

Fig. [5] shows 1 — CLb, where 1 — CLb can be 
seen as the probability that the background gives 
an output that looks like the signal, as a function 
of the integrated luminosity for a Z' SSM boson with 
m = 1 TeV, for di-muon channel. For high— px muons 
(> 300 GeV) the muon spectrometer alignment is the 
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Figure 9: Integrated luminosity required for 3a evidence 
and a 5a discovery as a function of the true Z' SSM mass, 



for Z' SSM 



Figure 7: Integrated luminosity needed for a 5a discovery 
of Z' — > ee as a function of the Z' mass. 

main contribution to the signal sensitivity degrada- 
tion. Between and 300 /im misalignment, the lumi- 
nosity needed to reach 5tr discovery increase of 42% 
(see Fig.!]). 

From Fig. we can see that with less than 
100 ptr 1 of data a Z 1 in the muon channel could give 
an excess of 5<r. 



lower than the ones presented in the Table HI there- 
fore it was considered important to look at the lower 
invariant mass region in this channel. 

If a Z' with a relatively low mass is coupled to the 
third family, it could be discovered in the di-tau chan- 
nel with a few hundred pb" 1 of data. 

3.2. Technicolor 
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Figure 8: Results of 1 — CLb for m = 1 TeV Z' SSM — > fj,fi 
boson. The horizontal line indicates the 1 — CLb value 
corresponding to 5a 



B. Z' -> TT 

The potential of ATLAS to discover a high-mass 
resonance decaying into two r leptons, as defined by 
Eq. [2l is presented in the Fig. [9] It shows the amount 
of luminosity required for 3<7 evidence or for a 5cr dis- 
covery as a function of the true mass of the Z'. 

It should be noted that for models where Z' couples 
preferentially to the third generation the limits are 




Figure 10: Feynman diagram for technimeson production. 

Some technicolor models predict new technihadron 
states that can be produced at the LHC. One of 
the most promising channels to search for these new 
hadrons is the di-lepton decay of the pxc and lotc, 
as depicted in Fig. [TUJ The "Technicolor Strawman 
Model" or TCSM is used as a benchmark model. The 
limits set by CDF rule out pxc and lutc masses below 
280 GeV for a particular choice of the TCSM param- 
eters. This section presents the muon channel. The 
main background for this search is the Drell-Yan pro- 
cess. 

3.2.1. Event Selection 

The basic cuts for pxc and ujtc in the muon chan- 
nel are: |ry| < 2.5, two muons with pt > 30 GeV, 
and opposite charge. Since the best search sensitivity 
is not obtained by examining the entire dimuon mass 
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Figure 11: For two different pre, ^tc signal masses, s/yb 
is plotted as a function of mass-window size for windows 
centered on the peak mass for decays to pp. 



distribution, a mass window around a given mass peak 
is optimized based on the signal significance. 

Fig. [IT] shows the value of the significance for two 
different mass points as a function of the mass win- 
dow. From the plot is evident that it is optimal to use 
a mass window ±1.5cr(m), where o~(m) is the width 
due to detector resolution since the technimeson nat- 
ural widths are less than a GeV. 



Figure 12: Integrated luminosity needed for a 3a evidence 
or 5cr discovery as a function of pre , ^tc mass for decays 
to pp. The dashed lines include only statistical uncertain- 
ties while solid lines contain the systematic uncertainties 
as well. 




3.2.2. Discovery Potential 

Using number counting and the s/Vb approxima- 
tion to get the significance, Fig. [T^] is obtained. This 
plot shows that pre or ^tc can be discovered with 
600 pb -1 , including the estimated effect of the mis- 
alignment of the muon detector. 



3.3. Graviton 

The Randall-Sundrum model addresses the hierar- 
chy problem by adding one extra-dimension to our 
four-dimensional world. It predicts the existence of 
a tower of Kaluza-Klein excitations of the graviton. 
This graviton should be observable as a resonance 
which decays into lepton pairs at the LHC, Fig. [T51 
The model parameters are the mass, vtiq, and the cou- 
pling constant n/M p i. The current limits depend on 
the parameters of the model, the region of low gravi- 
ton mass and larger k/M p i is excluded [§]. Simi- 
larly to the Z' and technicolor searches the main back- 
ground for this resonance is the Drell-Yan process. 



Figure 13: Feynaman diagrams for a Kaluza-Klein excita- 
tion of the graviton. Additionally the graviton production 
has an extra con 



3.3.1. Event Selection 

The basic cuts for this search in the electron channel 
are: |ry| < 2.5, two electrons with pt > 65 GeV, and 
that the electrons are back-to-back i.e. cosA$ ee < 
0. The parameterized Drell-Yan background and the 
signal are shown in Fig. [TJ] for a graviton with vtiq = 
1 TeV and a coupling value k/M p i = 0.02. 

3.3.2. Discovery Potential 

The mass range used for graviton searches is from 
300 GeV up to 2 TeV. The method used to get the 
significances is a parameterized fit approach. Fig. [15] 
shows the 5cr discovery and 3cr evidence reach in 
n/Mpi coupling constant as a function of the graviton 
mass for an integrated luminosity equal to 1 

For some values of k/M p i it is possible to have a 
discovery with O(100 pb _1 ). 
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Figure 14: Background and signal+background mass 
spectra from full simulation for the di-electron channel. 
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Figure 15: 5<r discovery and 3<r evidence as a function of 
the graviton mass in the di-electron channel. 



4. Example of the potential of early data 

of the LHC (W -> ev) 

The early run of the LHC is expected to be at 
y/s = 10 TeV. With this center-of-mass energy, new 
physics may already become visible. In this section, 
the discovery potential for W — ► ev , \iv is discussed. 

The lowered center-of-mass energy, at 10 TeV, re- 
duces the production cross section, thus the sensitiv- 
ity. In the case of W — > ev, fiv, the signal cross 
section is reduced to about 50%, 40%, 35%, 27% for 
m(W) — 1, 1.5,2,2.5 TeV respectively, and about to 
60% for the backgrounds. 

The signal and the background remain without sig- 
nificant modifications on their shape for y/s = 10 TeV 
with respect to the ones at y/s = 14 TeV. Estima- 
tion for exclusion limits for this resonance was done 
using both number counting and a fit based-method. 
The preliminary estimation of the integrated luminos- 
ity needed for 95% C.L. exclusion is shown in Fig. QJJ 

This results are based on a very optimistic scenario 
and the trigger efficiency is not applied. Nevertheless, 
W is one of the searches that can be performed in 
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Figure 16: Integrated luminosity needed for a 95% C.L. 
exclusion for W' — > ev as a function of the mass of the 

w. 



the first run of the LHC. With O(50 pb" 1 ) of well 
understood data we can either discover it or exclude 
it beyond the current limit. Note that these results 
have not yet been officially approved by the ATLAS 
Collaboration. 



5. Summary and Conclusions 

A selection of analysis on resonances in the di-lepton 
and lepton+Etmiss final states have been presented. 
LHC and ATLAS constitute a powerful tool to dis- 
cover or exclude new particles. The studies based on 
a center of mass energy y/s — 14 TeV have shown that 
the existence of a W and Z' could be established at 
the 5(7 level even with O(100 pb _1 ) of integrated lumi- 
nosity. The initial run of few tens of pb _1 at 10 TeV 
would be enough to go beyond Tevatron limits in most 
of these models. 
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